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Outline

Probing sea quark polarization via weak boson
PHENIX Forward Upgrade Project
Run9 W→e result & Run11 W→e status
Run11 W→µ analysis: preliminary result
Run12+ prospect
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Probing sea quark polarization via W±→l±

(e.g.     polarization is seen at large negative rapidity in                      )

                   : suitable for leptonic decays

- Central Arm: W±→e±
- Forward Muon Arms: W±→µ±

Single Spin Asymmetry via parity violating weak coupling.

One of the key measurements to the “Spin Puzzle”
3

Sensitive to flavor-selecting sea quark polarization.

via measuring single lepton’s pT and rapidity 

Wide range rapidity region covered.
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Measurement of W in PHENIX

Central Arm: |eta| < 0.35
Cut: isolated single electron
       at Jacobian peak
Trigger: EMCal + RICH (“ERT”)
Detectors: DC, PC, EMCal

Muon Arm: -2.2 < eta < -1.2 (South)
                   1.2 < eta < 2.4   (North)
Cut: well-qualified single muon
Trigger: Small sagitta + MuID
             + timing (RPC/BBC)
Detectors: MuTr, MuID, RPC, BBC
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Run9 W→e Result in Central Arm
Run9 √s = 500 GeV integrated luminosity: 8.6 pb-1 in |vtxz| < 30 cm (ERT 4x4b trigger)

from the calorimeter cluster energy. The charge sign is
determined from the bend angle, !, measured in the drift
chamber, and the nominal transverse beam position. The
angular resolution and stability of beam position were
monitored by frequent runs with no magnetic field. The
resolution "! was typically about 1.1 mr, to be compared
to a 2.3 mr bend angle for 40 GeV=c tracks. The variation
in the average transverse beam position measured by re-
construction of the primary vertex in these runs was within
!300 #m, and did not affect the charge determination.
The probability of charge misidentification at 40 GeV=c
was estimated to be less than 2%.

In addition to e! from W and Z decay, this sample of
events contains various backgrounds. The dominant back-
grounds were photon conversions before the drift chamber
and charged hadrons. These were estimated using the raw
calorimeter cluster distribution and the charged pion spec-
tra predicted by perturbative QCD convoluted with the
hadronic response of the calorimeter tuned to reproduce
test beam data. This calculated background was normal-
ized to the measured spectrum in the region 12< pT <
20 GeV=c and extrapolated to higher pT . Electrons from
heavy flavor decay were estimated from a fixed-order-next-
to-leading-logarithm calculation [17], which agrees well
with the prompt electron measurement at

ffiffiffi
s

p ¼ 200 GeV
[18]. PYTHIA [19] was used to estimate the contributions of
electrons with pT > 30 GeV=c from sequential $ lepton
decays of W and Z bosons. These two components were
found to be negligible. The background bands in Fig. 1
include uncertainties in the photon conversion probability,
the background normalization, and the background ex-
trapolation to pT > 30 GeV=c.

The tracks within the nominal geometric acceptance of
the central spectrometer were reconstructed with #37%

efficiency defined by the overlap of live areas in the
tracking detectors, and fiducial areas on the calorimeters
and drift chambers. The efficiency for retaining electron
candidates after all cuts was 99%. The resulting recon-
struction efficiency was not pT dependent for pT >
30 GeV=c.
Figure 2 shows the background subtracted signal for

positive and negative charges compared to the next-to-
leading-order (NLO) [12,13] calculated spectrum, which
is normalized for the integrated luminosity, corrected for
the detector efficiency and acceptance, and smeared by the
energy resolution of the calorimeter. The cross sections
measured by counting events in the signal region (30<
pT < 50 GeV=c) are consistent with the NLO and next-to-
NLO (NNLO) [20] calculations shown in Table I. The
systematic uncertainties in the measurement include the
uncertainty in the background and a 15% normalization
uncertainty due to the luminosity (10%), multiple collision
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FIG. 2 (color online). Background subtracted spectra of posi-
tron (upper panel) and electron (lower panel) candidates before
the isolation cut compared to the spectrum of W and Z decays
from an NLO calculation [12,13]. The gray bands reflect the
uncertainty of the background.
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FIG. 1 (color online). The spectra of positron (upper panel)
and electron (lower panel) candidates before (solid histogram)
and after (dashed histogram) an isolation cut. The bands reflect
the uncertainty of the background.

TABLE I. Comparison of measured cross sections for elec-
trons and positrons with 30< pT < 50 GeV=c from W and Z
decays with NLO [12,13] and NNLO [20] calculations. The first
error is statistical, the second error is systematic from the
uncertainty in the background, and the third error is a normal-
ization uncertainty.

d"
dy ð30< pe

T < 50 GeV=cÞjy¼0 [pb]

Lepton Data NLO NNLO

eþ 50:2! 7:2þ1:2
'3:6 ! 7:5 43.2 46.8

e' 9:7! 3:7þ2:1
'2:5 ! 1:5 11.3 13.5

eþ and e' 59:9! 8:1þ3:1
'6:0 ! 9:0 54.5 60.3
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Single Spin Asymmetry Result (pT > 30 GeV/c)

uncertainties. A significant nonzero asymmetry was ob-
served for positrons in the signal region. The dilution
corrections of D ¼ 1:04" 0:03 and 1:14" 0:10 for
positive and negative charges, respectively, were applied
to account for the parity-conserving background.

Figure 4 compares measured longitudinal single-spin
asymmetries to estimates based on a sample of polarized
PDFs extracted from fits of DIS and semi-inclusive DIS
data [12]. The experimental results are consistent with the
theoretical calculations at 6%–15% confidence level for
Aeþ
L and at 20%–37% for Ae$

L . The observed asymmetries
are sensitive to the polarized quark densities at x%
MW=

ffiffiffi
s

p ’ 0:16, and directly demonstrate the parity-
violating coupling between W bosons and light quarks.

In summary, we present first measurements of produc-
tion cross section and nonzero parity-violating asymmetry
in W and Z production in polarized pþ p collisions atffiffiffi
s

p ¼ 500 GeV. The results are found to be consistent with
theoretical expectations and similar measurements of Ae"

L
[14]. RHIC luminosity and PHENIX detector upgrades in
progress will make it possible in the future to significantly
reduce the uncertainties for AL and to extend the measure-
ment to forward rapidity, which will improve our knowl-
edge of flavor-separated quark and antiquark helicity
distributions.
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FIG. 4 (color online). Longitudinal single-spin asymmetries
for electrons and positrons from W and Z decays. The error
bars represent 68% C.L. The theoretical curves are calculated
using NLO with different polarized PDFs [12].
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in the previous section. The results for pp ⇤ W± to-
tal production cross sections at

⌅
s = 500 GeV are the

following:

⌃tot
W+ · BR(W+ ⇤ e+ ⇧e) = 117.3 ± 5.9(stat)

± 6.2(syst) ± 15.2(lumi) pb,

⌃tot
W� · BR(W� ⇤ e� ⇧̄e) = 43.3 ± 4.6(stat)

± 3.4(syst) ± 5.6(lumi) pb.

The result for the pp ⇤ Z/⇥⇥ total production cross sec-
tion at

⌅
s = 500 GeV in the invariant mass range of

70 < me+e� < 110 GeV/c2 is

⌃tot
Z/�⇤ · BR(Z/⇥⇥ ⇤ e+e�) = 7.7 ± 2.1(stat)

+0.5
�0.9(syst) ± 1.0(lumi) pb.

Figure 11 shows the measured total cross sections, mul-
tiplied by the respective branching ratios, in comparison
with the theoretical predictions at NLO from the fewz
program using the MSTW08 PDF set. Measurements
from other experiments at the Spp̄S, Tevatron, RHIC,
and LHC are also shown as a function of

⌅
s for compar-

ison.
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FIG. 11. (Color online) Measurements of W and Z total
cross sections times branching ratio versus center-of-mass en-
ergy. For the W cross sections in pp collisions, the closed
symbols represent W+ and the open symbols represent W�.
The theory curves are from the fewz program at NLO using
the MSTW08 PDF set.

Theoretical predictions for the production cross sec-
tions computed by the fewz [29] and fully resummed
rhicbos [15] calculations are shown in Table VII. The
theoretical uncertainties were determined for the fewz
predictions using the 90% confidence level error eigenvec-
tor PDF sets; error eigenvector sets are not provided for

the rhicbos calculation. Variations in the strong cou-
pling constant, �s, from the associated error PDF sets
were considered as well, but the uncertainties were found
to be negligible compared to the uncertainties from the
PDFs. The theoretical predictions agree well with the
measured cross sections within the theoretical and exper-
imental uncertainties. Interestingly, di�erences between
the MSTW08 and CTEQ 6.6 PDF sets result in signifi-
cant di�erences in the predicted cross sections at NLO.

⇥tot
W+(pb) ⇥tot

W�(pb) ⇥tot
Z · (pb)

NLO MSTW08 132.4 ± 9.0 45.7 ± 3.6 10.8 ± 0.8

NNLO MSTW08 136.7 ± 9.5 48.1 ± 3.0 11.2 ± 0.8

NLO CTEQ 6.6 121.8 ± 8.8 41.1 ± 4.3 9.8 ± 0.8

Ressum. CTEQ 6.6 121.1 39.9 -

TABLE VII. Summary of total cross section (times branching
ratio) theoretical predictions at

�
s = 500 GeV calculated

with the fewz and rhicbos programs. The Z/�⇥ values are
defined within the invariant mass range of 70 < me+e� <
110 GeV/c2.

VII. THE W CROSS SECTION RATIO

The W cross section ratio is defined as

RW =
⌃fid
W+

⌃fid
W�

=
Nobs

W+ �N bkgd
W+

Nobs
W� �N bkgd

W�

·
⇤totW�

⇤totW+

. (8)

If the small contributions from strange quarks are ne-
glected, this ratio should be equal to [32]

RW =
u(x1)d̄(x2) + d̄(x1)u(x2)

ū(x1)d(x2) + d(x1)ū(x2)
. (9)

Measurements of the cross section ratio should therefore
be sensitive to the flavor asymmetry of the antiquark sea
in the Bjorken-x range 0.1 <⇥ x <⇥ 0.3 probed at RHIC.
Drell-Yan experiments [17, 18] have measured a large
asymmetry in this x range, and precision measurements
of RW at RHIC can provide independent constraints on
the flavor asymmetry which are free from the assump-
tion of charge symmetry required in Drell-Yan. Mea-
surements of the lepton charge asymmetry at the LHC
[33, 34] provide similar constraints on the quark and an-
tiquark PDFs, though at significantly lower x due to the
much higher energy of the collisions.
The W cross section ratio was measured in two |⌅e| re-

gions, as this coarsely constrains the x of the partons in-
volved in the W production. In each |⌅e| bin, the fiducial
cross sections were computed using the same procedures
described in Sec. VI, where the background and e⇥cien-
cies were separately calculated for each charge and |⌅e|
bin. The luminosity, and its sizable uncertainty, cancel in
the cross section ratio, significantly reducing the system-
atic uncertainty, with respect to the W+ and W� cross
sections independently.
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STAR Collaboration

http://arxiv.org/abs/1112.2980v1
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Run11 Central Arm Analysis Status

The newly installed central VTX detector has a larger X0 than previously installed HBD,
more of e± pairs from π0 photons appear (photon conversion).
 ==> factor ~3 photon conversion increase compared to Run9.

- Simulation studies to identify the sources of conversion is underway.
- Data analysis is in progress.
  The result will come out soon!

 2x106 π0’s simulation 
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Forward Muon Trigger Upgrade

4.8⇥I/ cos � (5.4⇥I/ cos �) for the South (North) arm, where ⇥I
indicates the nuclear interaction length and � is the polar angle
of a particle’s trajectory. Gaps are labeled 0 to 4 proceeding
downstream from the collision point. Each gap consists of hor-
izontal and vertical Iarocci tubes with ⌅8 cm width and 2.5 –
5 m length to provide coarse two-dimensional position. Tracks
which penetrate all MuID steel plates and point to the colli-
sion vertex are identified online and triggered as conventional
PHENIX muon arm trigger.

1.4. Trigger upgrade
1.4.1. Overview
The trigger for the muon arms before the upgrade was gener-

ated by MuID. It provides the rejection power of ⌅200 com-
pared with the PHENIX minimum-bias trigger by BBC at⇧
s = 200 GeV.1 The RHIC design goal of the luminosity is

2.0 ⇥ 1032cm�2s�1, which results in about 6 MHz of BBC trig-
ger. In order to meet the typical DAQ bandwidth of 2 kHz for
the PHENIXmuon arm, the rejection power of 3000 is required.
Based on a prediction that the rejection power by MuID will not
be so much di⇥erent between 200 GeV and 500 GeV, the MuID
trigger wouldn’t be su⇤cient to trigger W without pre-scaling.
The momentum threshold of the MuID trigger is pT ⌅

1.5 GeV/c, while the typical muons decay from W boson dom-
inates the single muon yields at high transverse momentum re-
gion pT & 15 GeV/c with respect to background muon sources
as shown in Fig. 2. Based on this fact, raising the threshold
even higher leads to the e⇤cient trigger of the signal with suf-
ficient rejection power. Here we introduced a new momentum-
sensitive trigger by adding new fast readout electronics (muon
trigger front-end electronics, MuTRG-FEE) to existing MuTr
front-end electronics. MuTRG-FEE digitize the signal immedi-
ately and therefore deal with only hit information providing fast
and coarse online tracking information of the traversing parti-
cle in MuTr to back-end trigger logic circuit. Events with high-
momentum charged particles are triggered based on the online
tracking results.
However, due to the limited intrinsic timing resolution of

MuTr (approximately 2 – 3 beam clocks), the other timing de-
tector with su⇤cient timing resolution is needed to identify the
beam clock which collision bunch an observed hit comes from.
BBC can be such a timing detector and we evaluated MuTRG-
FEE performance in collaboration with BBC for this article.
However, the situation will be more serious at high collision
rate where BBC will start triggering every events and will not
determine collision timing. Another new upgrade detector, re-
sistive plate chambers (RPC), will resolve the di⇤culty taking
advantage of its su⇤cient intrinsic timing resolution of a few
nsec and low occupancy owing to its small segmentation. If
one finds corresponding hit in the RPC at the expected location
from the extrapolation of the track observed by MuTRG-FEE,
the timing observed by RPC is allocated to the track.

1We define the trigger rejection power as the number compared to the
PHENIX minimum-bias trigger rate by BBC in this article. The cross section
observed by BBC is about 30 mb at

⇧
s = 500 GeV, which is about half of the

proton-proton total cross section.

!

!"

!"
#

!"
$

!"
%

!"
&

!"
'

!"
(

!"
)

!"
*

!"
!"

" & !" !& #" #& $" $& %" %&

+
,
-./0123

4
5
/
6
78
1-
!
.
/
0
12
3

!

91: ;<8<6

=<77<>

?@AB>

C ;<8<6

DE,FGH

Figure 2: Expected inclusive muon spectrum at
⇧
s = 500 GeV plotted as a

function of transverse momentum PT of muon simulated by PYTHIA.

1.4.2. MuTRG-FEE
Fig. 3 displays the principle of selecting high-momentum

particles by MuTRG-FEE. �strip is introduced to be an impor-
tant parameter to identify high-momentum tracks and is defined
as a deviation of hit at Station-2 from the linear interpolation be-
tween Station-1 and Station-3 hits. In this article, we use �strip
in the unit of the number of strips. Selecting events which have
tracks with small �strip, e.g. |�strip | ⇤ 1, the new electronics
provides the trigger of only high-momentum track.
A block diagram of the new muon trigger system is shown

in Fig. 4. A new amplifier and discriminator board (MuTRG-
ADTX) are attached toMuTr front-end electronics (MuTr-FEE)
and divides the signal into two paths; analog readout path for
existing MuTr-FEE and the digitization path for the fast trig-
ger. The digitized signals are sent to new data merger boards
(MuTRG-MRG), which are located in the PHENIX rack room
and about 70 m far from the collision region. The MuTRG-
MRG board collects hit signals from multiple MuTRG-ADTXs
and formats the data to meet the input format of the down-
stream Local Level-1 (LL1) trigger module. To identify tracks
which fire the trigger in the o⌅ine analysis, the copy of hit pat-
terns transmitted to LL1 from MuTRG-MRG is sent to data
collection modules (DCM) via other interface boards (MuTRG-
DCMIF). The data are then recorded into PHENIX main data
stream. We name MuTRG-FEE as a system which consists of
MuTRG-ADTX, MRG and DCMIF. The LL1 module makes
trigger decision by comparing hit patterns from MuTRG-MRG
and pre-defined look-up table which contains hit combination
of high-momentum tracks. The signals from other upgrade de-
tectors, RPCs, can also be merged in the LL1 module. The
local trigger decision by LL1 module is finally transmitted to
the Global Level-1 (GL1) trigger module, where the PHENIX
global trigger is generated in combination with LL1 triggers

3

Due to limited trigger bandwidth, the original muon trigger 
“MuID” is short to acquire all W collisions without pre-scaling.
==> Needs a high momentum trigger.

[ Strategy ]
1. Discriminates muon momentum using sagitta
(Mutrg: parasitic trigger electronics inside MuTr + RPC)
==> Trigger pT > 4 GeV/c

2. For ID of spin pattern / bunch crossing at high collision 
rate, beam beam counter (BBC) is not tolerable. 
==> Introduce resistive plate chambers (RPC)

3. Introduce additional hadron absorbers to reject hadronic 
backgrounds.

4. FVTX detector will work for increasing analysis power.

Motivation of PHENIX forward upgrade project:

7

Threshold with MuID

Threshold with Mutrg
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Upgrade History

YearYearYear
Run StatusRun StatusRun Status

20092009 20102010 20112011 20122012
pp Run - -- pp Run - pp Run -

FWD

MuTrgMuTrg

FWD
RPC3

S
FWD

RPC3
NFWD

RPC1RPC1
FWD

FVTXFVTX

CNT
HBDHBD

CNT
VTXVTX

W->mu TRGW->mu TRGW->mu TRG

Luminosity
|vtx|< 30 cm
Luminosity

|vtx|< 30 cm
Luminosity

|vtx|< 30 cm

√s√s√s

install/commissioninginstall/commissioninginstall/commissioninginstall/commissioning operation / Physics Triggeroperation / Physics Triggeroperation / Physics Triggeroperation / Physics Trigger
install

operationoperation operation / 
Physics Trigger

operation / 
Physics Triggerinstall commissioningcommissioning

operationoperation operation / 
Physics Trigger

operation / 
Physics Trigger

install comm./operationcomm./operation
install comm./operationcomm./operation

operation removedremovedremovedremovedremovedremovedremoved
install comm. operationoperationoperation

(MuIDxBBC -- prescaled)(MuIDxBBC -- prescaled)(MuIDxBBC -- prescaled)(MuIDxBBC -- prescaled) SG1xMuIDxBBCSG1xMuIDxBBC SG1xRPC3xBBCSG1xRPC3xBBC

8.68.6 -- 1616 3030

500500 -- 500500 510510
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Run12 Muon Arm performancespp510 Run 12        
355 PHYSICS runs

Muon trigger:
((MUIDLL1_N2D||S2D)||(N1D&S1D))&BBCLL1(noVtx)
(MUIDLL1_N1D||S1D)&BBCLL1(noVtx)
MUON_S_SG1&BBCLL1
MUON_N_SG1&BBCLL1
MUON_S_SG1_RPC3_1_A||B||C  (&BBCLL1(noVtx))
MUON_N_SG1_RPC3_1_A||B||C (&BBCLL1(noVtx))

2

Yoshi-mitsu Imazu
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Run12 Trigger Performance

Run11 and Run12 triggers are consistent at fast quality check!

11

Reconstructed pT (GeV/c)
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SG1 x RPC3 x BBC Trigger

SG1 x MuID x BBC Trigger

Cuts: 99.5% percentile of Run11 W simulation
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MuTr

FVTX

Operational of FVTX detector in Run12

FVTX%MuTr)Match,)dx

)))dx)(cm)

South

Expected to improve analysis power by
- Precise vertex determination
- Better Tracking

12
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Gap for vertex underneath FVTX, 
FVTX can tracking to either side
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Run11 Forward Muon Analysis

Reconstructed pT (GeV/c)

W→qq W→τ

Z/γ*

bb
onium

cc

W→µ

K±/π±

Physics Trigger: SG1 x MuID x BBC

Backgrounds: 
    - Heavy flavor, onium (true muon)
    - Fake high pT muons caused by hadrons

Tight kinematic cuts are applied to select true muon candidates.
- small multiple scattering : MuTr/MuID/RPC matching
- vertex requirement :         Track/vertex(BBC) matching
- timing :                               RPC

13

Absorber Absorber

Figure 21: Stacked, hadronic cross sections for positive (left) and negative
(right) hadrons as a function of the kinematic variables using basic cuts for
the separate subprocesses created with Pythia + PISA as well as hadronic
background as described in the text. The top panel displays the north muon
arm’s yields, the bottom panel the relative distributions. The luminosity
normalized, but not e�ciency corrected, data yields are also displayed for the
1D+BBCnovertex (red points) and SG1+1D+BBCnovertex (green points)
conditions. The distributions are obtained using the reconstructed transverse
momentum range from 5<pT<60GeV/c.

37

MuTr/MuID matching (distance in cm)

W→µ

MuTr MuID RPC3
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Validation of Cuts
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- Validation of cut positions with J/psi
- Smearing check with cosmic ray
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Single Muon Spectrum
Single muon candidates cross section at tightest cut level

Corrections:
- “SG1xMuIDxBBC” trigger efficiency correction
- Reconstruction x Acceptance correction
- RPC efficiency correction
- Luminosity correction

S/BG was extracted with assuming the 
W/Z cross section predicted by
RHICBOS NLO calculation.

S/BG North South

µ+

µ-

0.21 0.40

0.42 0.33

Factor [x0.5 - x2.0] range, as a 
conservative uncertainty of the S/BG

S/BG for muons in 18 - 60 GeV/c range
with optimized statistical FOM:
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Run11 W→mu single spin asymmetry (preliminary)

    +µ
!
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1.5 +p collisions at 500 GeV (2011)p in +µ"+Z+W
Polarization scale uncertainty: 5.9 %
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DNS min
DSSV
DNS max
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BR=131 pb assumed for background#$RHICBOS (W+Z): 
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Polarization scale uncertainty: 5.9 %

 per arm-1Sampled cross-section: 25 pb
BR=41 pb assumed for background#$RHICBOS (W+Z): 

�� ����
����������	 - √s = 500 GeV

- Luminosity: ~25 pb-1
- Pol. : ~50%

First forward W asymmetry result
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Figure 21: Expected single spin asymmetry of high-pT muons in p+p collisions at
⇥

s =
500 GeV with an average beam polarization of P = 55%. Signal to background ratios are
assumed to be S:B=1:1 in a sampled integrated luminosity of 300 pb�1.

considered a conservative estimate using the available detectors in Run-13. Naturally,
what counts in the end is the figure-of-merit which will be a combination of samples with
reduced vertex requirements for better background rejection and increased samples with
wider vertex distributions than include more background.

Figure 22 shows the expected asymmetries for electrons/positrons in the central arms.
This measurement will be much improved compared to the previous publication [23].
The projection is based on new simulations that include the VTX and FVTX detectors

30

Summary
Run11 W analyses are in progress, stay tuned 
for coming results.
Update of central arm W→e since Run9 : coming soon.
The first forward arm W→µ : preliminary asymmetry 
result.

Run12 √s = 510 GeV run ended successfully.
Operation of new muon trigger with RPC3.
Taking data with VTX, FVTX, and RPC1.

In Run13, an integrated luminosity of 250 pb-1 in 
|vtx| < 30 cm is anticipated with full upgraded 
hardware set ready.

YearYear 2011 2012 2013

Luminosity 
(pb-1)

|vtx|<30cmLuminosity 
(pb-1) Full vtx

~16 30 250?

25 49 350?

Expected single spin asymmetry in W→µ at 300 pb-1
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